SdiA is a homolog of quorum-sensing regulators that detects N-acylhomoserine lactone (AHL) signals from other bacteria. Escherichia coli uses SdiA to reduce its biofilm formation in the presence of both AHLs and its own signal indole. Here we reconfigured SdiA (240 amino acids) to control biofilm formation using protein engineering. Four SdiA variants were obtained with altered biofilm formation, including truncation variants SdiA1E11 (F7L, F59L, Y70C, M94K, and K153X) and SdiA14C3 (W9R, P49T, N87T, frameshift at N96, and L123X), which reduced biofilm formation by 5-to 20-fold compared to wild-type SdiA in the presence of endogenous indole. Whole-transcriptome profiling revealed that wild-type SdiA reduced biofilm formation by repressing genes related to indole synthesis and curli synthesis compared to when no SdiA was expressed, while variant SdiA1E11 induced genes related to indole synthesis in comparison to wild-type SdiA. These results suggested altered indole metabolism, and corroborating the DNA microarray results in regard to indole synthesis, variant SdiA1E11 produced ninefold more indole, which led to reduced swimming motility and cell density. Also, wild-type SdiA decreased curli production and tnaA transcription, while SdiA1E11 increased tnaA transcription (tnaA encodes tryptophanase, which forms indole) compared to wild-type SdiA. Hence, wild-type SdiA decreased biofilm formation by reducing curli production and motility, and SdiA1E11 reduced biofilm formation via indole. Furthermore, an AHL-sensitive variant (SdiA2D10, having four mutations at E31G, Y42F, R116H, and L165Q) increased biofilm formation sevenfold in the presence of N-octanoyl-DLhomoserine lactone and N-(3-oxododecatanoyl)-L-homoserine lactone. Therefore, SdiA can be evolved to increase or decrease biofilm formation, and biofilm formation may be controlled by altering sensors rather than signals.
It is important to be able to control biofilms containing multiple species for engineering applications. For example, in the first engineered biofilm (a microbial consortium), we engineered a Bacillus subtilis biofilm to secrete the peptide antimicrobials indolicidin and bactenecin to inhibit the growth of sulfate-reducing bacteria in the biofilm (without harming the protective B. subtilis biofilm) and thereby to decrease corrosion (25) . We also developed the first synthetic signaling circuit to control biofilm formation and used it to control the biofilm formation of Escherichia coli and Pseudomonas fluorescens by manipulating the extracellular concentration of the signal indole (32) .
To increase the tool kit for manipulating biofilm formation, we investigated here how SdiA of E. coli controls biofilm formation and whether this protein may be evolved to control biofilm formation through the use of extracellular signals. We chose SdiA as a tool because SdiA interacts with one of the extracellular signals produced by E. coli, indole (32, 34) , as well as recognizes acylhomoserine lactones (AHLs) from other bacteria (35) and binds with them (62) .
SdiA of E. coli, named for its ability to suppress cell division inhibitors (54) , is a 240-amino-acid protein that belongs to the LuxR family of transcriptional regulators (23) that induces the ftsQAZ locus involved in cell division (54) ; however, its role in E. coli cell physiology remains enigmatic (35) . Using SdiA, Salmonella enterica and E. coli detect the quorum-sensing signal AHLs produced by other bacteria, although they do not synthesize AHLs (35) ; AHLs control social behavior like biofilm formation (16) and virulence (57) . Also, SdiA is stabilized upon binding of AHLs (62) and consists of an autoinducerbinding domain (residues 1 to 171) (63) and a helix-turn-helix DNA binding domain (residues 197 to 216) (54) .
SdiA represses the expression of virulence factors by interacting with unknown stationary-phase signals in E. coli O157:H7 (27) , enhances multidrug resistance by stimulating multidrug efflux pumps in E. coli (43) , and increases the acid tolerance of E. coli upon exposure to AHLs (52) . We found that SdiA decreases early E. coli biofilm formation 51-fold (32) , enhances acid resistance (32) , and is required to reduce E. coli biofilm formation in the presence of AHLs as well as in the presence of the stationary-phase signal indole (32, 34) . Indole is an E. coli quorum-sensing signal (31) that works primarily at temperatures found outside the human host (34) and reduces biofilm formation (4, 17, 31, 32, 34) . Therefore, SdiA, via direct or indirect interaction with indole and AHLs, is a key protein for intraspecies and interspecies cell communication as well as for biofilm formation.
Directed evolution has been utilized to show the evolutionary pliability of the AHL response regulator LuxR of Vibrio fischeri by broadening its substrate range (13) , by increasing its sensitivity to octanoyl-L-homoserine lactone (13) , and by eliminating its response to 3-oxohexanoyl-homoserine lactone with a carbonyl substituent at the third carbon (14) . A site-directed mutagenesis of the LuxR-type quorum-sensing activator TraR of Agrobacterium tumefaciens has been performed on the residues forming hydrogen bonds with N-oxooctanoyl-L-homoserine lactone to alter AHL specificity (9) and to alter AHL binding (37) . Also, spontaneous mutations of LasR (another LuxR family member from Pseudomonas aeruginosa), including a truncation mutant, cause phenotypic diversification, such as differences in colony morphology, pyocyanin and elastase production, swarming motility, and cell viability in the late stationary phase (36) .
Since cell communication and biofilm formation are important for bacterial survival in microbial consortia (26) , bacteria may readily evolve response regulators for enhanced fitness. We investigated here how the quorum-sensing regulator SdiA influences biofilm formation and then hypothesized that SdiA may be evolved for enhanced or reduced biofilm formation in the absence or presence of cell signals such as indole and AHLs. Both indole (53) and AHLs (20) are extracellular signals, so they were chosen as potential signals for reconfiguring SdiA to respond to them. Using random mutagenesis (errorprone PCR [epPCR]), SdiA libraries were obtained and screened for altered biofilm formation in the presence and absence of indole and two AHLs, N-butyryl-DL-homoserine lactone (C4-DL-HSL), and N-(3-oxooctanoyl)-L-homoserine lactone (3o-C8-L-HSL). After obtaining four biofilm mutants, DNA microarrays were utilized to understand the mechanism of biofilm reduction by wild-type SdiA and by the evolved SdiA variant SdiA1E11 that was 20-fold more effective at reducing biofilm formation. In addition, site-directed mutagenesis, saturation mutagenesis, double mutations, and real-time, reverse transcription-PCR (RT-PCR) were used to investigate the mechanism by which SdiA1E11 controls biofilm; the primary mechanism is its influence on the concentration of indole. Hence, our goals were to discern how wild-type SdiA functions in biofilms, to control biofilm formation by evolving SdiA, and to determine how the SdiA variants function.
MATERIALS AND METHODS
Bacterial strains and materials. The strains utilized are shown in Table 1 . E. coli K-12 BW25113 and its isogenic mutants were obtained from the National Institute of Genetics in Japan (Keio collection) (3); the sdiA deletion in BW25113 was confirmed by DNA microarrays (34) . BW25113 sdiA was used as the host for screening plasmids containing sdiA alleles created via epPCR; these alleles were expressed using pCA24N-sdiA (28) . The empty pCA24N plasmid does not express the green fluorescent protein (28) , and all the SdiA variants are not green fluorescent protein fusions. All E. coli strains were initially streaked from Ϫ80°C glycerol stocks on Luria-Bertani (LB) agar plates (48) containing 50 g/ml kanamycin (for the host) and 30 g/ml chloramphenicol (for maintaining pCA24N-sdiA). All experiments were performed at 30°C since SdiA (52) and indole (34) are primarily active at this temperature in E. coli. SdiA was expressed using 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma, St. Louis, MO).
For cell density measurements, BW25113 sdiA harboring various SdiA variants was grown in LB agar (25 ml) containing IPTG in 250-ml flasks at 250 rpm, and the optical density was measured at 600 nm. Each experiment was performed with at least four independent cultures. The specific growth rates of each strain were determined by measuring the cell turbidity at 600 nm of two independent cultures as a function of time using turbidity values less than 0.7.
Indole was purchased from Fisher Scientific Co. (Pittsburgh, PA). C4-DL-HSL, N-hexanoyl-DL-homoserine lactone (C6-DL-HSL), N-octanoyl-DL-homoserine lactone (C8-DL-HSL), N-decanoyl-DL-homoserine lactone (C10-DL-HSL), N-dodecanoyl-DL-homoserine lactone (C12-DL-HSL), 3o-C8-L-HSL, and N-(3-oxotetradecanoyl)-L-homoserine lactone (3o-C14-L-HSL) were purchased from Sigma. N-butyryl-L-homoserine lactone (C4-L-HSL) and N-(3-oxododecanoyl)-L-homoserine lactone (3o-C12-L-HSL) were purchased from Cayman Chemical (Ann Arbor, MI). C4-DL-HSL, C4-L-HSL, C6-DL-HSL, and C8-DL-HSL were dissolved in water. Indole, 3o-C8-L-HSL, C10-DL-HSL, C12-DL-HSL, 3o-C12-L-HSL, and 3o-C14-L-HSL were dissolved in dimethylformamide (DMF). DMF alone or water alone was used as a control.
epPCR, saturation mutagenesis, and truncation of SdiA. sdiA from plasmid pCA24N-sdiA under the control of the pT5-lac promoter was mutated by epPCR as described previously (19) using two primers, SdiA front and SdiA reverse ( Table 2 ). The epPCR product was cloned into pCA24N-sdiA using BseRI and PstI after treating the plasmid with Antarctic phosphatase (New England Bio- labs, Beverly, MA). The ligation mixture was electroporated into BW25113 sdiA as described previously (19) . To perform saturation mutagenesis and to truncate the carboxyl terminus of SdiA, site-directed mutagenesis was performed using the QuikChange XL sitedirected mutagenesis kit (Stratagene, La Jolla, CA). DNA primers (see Table S1 in the supplemental material) were designed to substitute all possible amino acids at M94 and W95 for SdiA1E11 as a parent protein and at H28, E29, I30, E31, Y39, D40, Y41, and Y42 for SdiA2D10 as a parent protein. Also, DNA primers (see Table S1 in the supplemental material) were designed to introduce a stop codon at wild-type SdiA codons R16, Q33, T53, A73, L93, A110, and L133. The resulting sdiA nucleotide sequences were confirmed by DNA sequencing using the ABI Prism BigDye Terminator cycle sequencing ready kit (PerkinElmer, Wellesley, MA).
Biofilm screening of SdiA variants. Biofilm mutants were screened using polystyrene 96-well microtiter plates and an adapted crystal violet assay (41) . The crystal violet dye stains both the air-liquid interface and bottom liquid-solid interface biofilm, and the total biofilm formation at both interfaces was measured at 540 nm, whereas cell growth was measured at 620 nm. BW25113 sdiA colonies expressing SdiA variants from pCA24N-sdiA were grown overnight in 96-well plates with 200 l of LB medium at 250 rpm, the overnight cultures were diluted (1:100) in 300 l of LB medium containing IPTG, and the biofilm was formed for 24 h without shaking (where appropriate, 500 M indole, 10 M C4-DL-HSL, or 10 M 3o-C8-L-HSL was also added). Total biofilm formation was normalized by cell growth (turbidity at 620 nm) to avoid overestimating changes due to growth effects. As controls, BW25113 sdiA with empty pCA24N and pCA24N-sdiA (wild-type sdiA) were used. Interesting biofilm mutants were reanalyzed by restreaking the colonies on fresh LB plates and by performing another biofilm assay. sdiA mutant alleles were sequenced with two primers, Seq primer 1 and Seq primer 2 ( Table 2 ). Each data point was averaged from more than 12 replicate wells (6 wells from two independent cultures). Protein truncations of variants SdiA1E11, SdiA14C3, and SdiA16G12 were verified using standard Laemmli discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (48) .
Indole assay. Extracellular and intracellular concentrations of indole were measured with reverse-phase high-performance liquid chromatography as described previously (32) . BW25113 sdiA harboring various sdiA plasmids was grown in LB medium containing IPTG to a turbidity of 3.0 at 600 nm. The turbidity of 3.0 represents a time point when wild-type E. coli secretes approximately 300 M indole. Each experiment was performed with two independent cultures.
Swimming motility and curli assays. Swimming motility was measured as described previously (32) . Exponentially grown cells (turbidity of 1.0 at 600 nm) were used to assay motility in plates containing 1% (wt/vol) tryptone, 0.25% (wt/vol) NaCl, and 0.3% (wt/vol) agar. In order to test the effect of indole on motility, indole was added to the agar plate. The motility halos were measured after 20 h in the presence of IPTG. Each experiment was performed with two replicates from two independent cultures.
For curli, LB agar medium containing 20 g/ml Congo red (Sigma), 10 g/ml Coomassie brilliant blue (Sigma), 15 g/liter agar, and IPTG was used as described previously to visualize E. coli curli expression after a 28-h incubation at 30°C (44) . Since Congo red binds both curli and cellulose (15) , a cellulose-specific assay using calcofluor (15) was used to determine if curli or cellulose was identified by the Congo red assay. For the cellulose assay, BW25113 adrA was used as a negative cellulose control and BW25113 adrA/pCA24N-adrA was used as a positive cellulose control.
Total RNA isolation for DNA microarrays. BW25113 sdiA/pCA24N, BW25113 sdiA/pCA24N-sdiA, and BW25113 sdiA/pCA24N-sdiA1E11 were grown in 250 ml LB medium containing IPTG for 12 h with 10 g of glass wool (Corning Glass Works, Corning, NY) in 1-liter Erlenmeyer shake flasks to form a robust biofilm (45) . RNA was isolated from the biofilm cells as described previously using sonication and a bead beater (45) .
DNA microarray analysis. The E. coli GeneChip Genome 2.0 array contains 10,208 probe sets for open reading frames, rRNA, tRNA, and intergenic regions for four E. coli strains: MG1655, CFT073, O157:H7-Sakai, and O157:H7-EDL933. cDNA synthesis, fragmentation, and hybridizations were as described previously (22) . Hybridization was performed for 16 h, and the total cell intensity was scaled to an average value of 500. The background values, noise values, and scaling factors of the three arrays were examined and were comparable. The intensities of the polyadenosine RNA controls were used to monitor the labeling process. For each binary microarray comparison of differential gene expression, if the gene with the higher transcription rate did not have a consistent transcription rate based on the 11 probe pairs (P value of less than 0.05), these genes were discarded. A gene was considered differentially expressed when the P value for comparing two chips was lower than 0.05 (to ensure that the change in gene expression was statistically significant and that false positives arise less than 5%) and when the expression ratio was higher (fourfold) than the standard deviation for all K-12 genes of the microarrays (2.1-fold for SdiA versus when no SdiA was expressed and 2.6-fold for SdiA1E11 versus SdiA) (46) . Gene functions were obtained from the Affymetrix-NetAffx Analysis Center (http://www.affymetrix .com/analysis/index.affx). Double mutations. BW25113 tnaA sdiA and BW25113 mtr sdiA were constructed as described previously using the rapid gene knockout procedure with P1 transduction (38) by using plasmid pCP20 (12) to eliminate the kanamycin resistance (Km r ) gene. The four mutations of the two double mutants were confirmed by PCR with six primers (Table 2) , SdiA up, SdiA down, TnaA up, TnaA down, Mtr up, and Mtr down, which flank each gene of interest and confirm both the insertion and elimination of the Km r gene.
RT-PCR.
To corroborate the DNA microarray data, the transcription of tnaA was quantified with primers TnaA front and TnaA reverse ( Table 2) using RT-PCR (4). BW25113 sdiA harboring pCA24N (no sdiA control), pCA24N-sdiA, or pCA24N-sdiA1E11 was grown in LB medium containing IPTG to a turbidity of 1.8 at 600 nm when E. coli produces indole. The RNA was isolated from the suspension cells as described previously (45) . Housekeeping gene rrsG (16S rRNA) with primers RrsG front and RrsG reverse ( Table 2 ) was used to normalize the expression data. A total of 36 RT-PCRs with two independent cultures were performed based on three RT-PCRs for tnaA and the rrsG housekeeping gene for the three different samples (BW25113 sdiA/pCA24N, pCA24N-sdiA, and pCA24N-sdiA1E11) using an iCycler (Bio-Rad, Hercules, CA) and MyiQ software (Bio-Rad).
Protein modeling. The amino acid sequences of the SdiA1E11 (residues 1 to 152) were modeled into the known three-dimensional structure of the E. coli SdiA (residues 1 to 171; Protein Data Bank accession code 2avx) (62) . The three-dimensional model was obtained using the SWISS-MODEL server (http://swissmodel.expasy.org/) (49) . The molecular visualization program PyMOL (http://pymol.sourceforge.net/) was utilized to make the protein image of the molecular model.
Microarray data accession number. The microarray data summarized in Table  3 have been deposited in the NCBI Gene Expression Omnibus (18) (http://www .ncbi.nlm.nih.gov/geo/) and are accessible through accession number GSE11779. 
RESULTS
Random mutagenesis of SdiA and biofilm screening. To reconfigure SdiA for greater control of biofilm formation with and without external signals, epPCR mutagenesis using both manganese and an unbalanced deoxynucleoside triphosphate mixture (19) was used to mutate randomly sdiA. The epPCR products were cloned into plasmid pCA24N-sdiA, and the plasmids were transformed into E. coli K-12 BW25113 sdiA so that there was no background SdiA in these cells, and all the changes in phenotype were due to plasmid-encoded SdiA variants. By sequencing five random colonies, the maximum error rate was determined to be 0.94%. Colonies (4,577) were screened for altered biofilm formation with and without extracellular signals (500 M indole, 10 M C4-DL-HSL, or 10 M 3o-C8-L-HSL), which resulted in the identification of four biofilm variants (Fig. 1A) . The mutations of SdiA1E11, SdiA14C3, and SdiA16G12 decreased biofilm formation at 24 h in the absence of extracellular signals (Fig. 2B) . The SdiA2D10 variant increased biofilm formation in the presence of 3o-C8-L-HSL in LB medium. Biofilm screening with C4-DL-HSL and indole did not lead to an interesting variant. Unexpectedly, SdiA1E11, SdiA14C3, and SdiA16G12 (Fig.  1A) had truncations in SdiA so that they lack the carboxyl DNA-binding domain (residues 196 to 216) (54) (Fig. 1A) . SdiA1E11 has five mutations at F7L, F59L, Y70C, M94K, and K153X (X indicates termination); SdiA14C3 has mutations at W9R, P49T, N87T, the frameshift at N96, and L123X; and SdiA16G12 has mutation Q151X. Also, the AHL-sensitive SdiA2D10 variant has four mutations at E31G, Y42F, R116H, and L165Q (Fig. 1A) . In order to eliminate any possible chromosomal mutation effects, all the pCA24N-sdiA plasmids identified during the first and second screens were retransformed into BW25113 sdiA, and the changes in biofilm formation were confirmed; hence, the changes in biofilm formation are due to the changes in the sdiA gene on the plasmid.
SdiA variants decrease E. coli biofilm formation. Previously, we discovered that the deletion of sdiA causes a 51-fold increase in biofilm formation in LB medium at 30°C after 8 h (32); hence, SdiA reduces biofilm formation. Consistently, deleting sdiA resulted in an 18-fold increase in biofilm formation in LB medium after 8 h (Fig. 2A) . As expected, overexpressing wild-type SdiA from pCA24N-sdiA reduced biofilm formation 3.5-fold after 8 h compared to when no SdiA was expressed (empty vector pCA24N) ( Fig. 2A) . Similar results were observed in LB glucose (LB glu) medium after 8 h (Fig. 2A) ; hence, the biofilm phenotype due to SdiA could be partially complemented (full complementation probably was not achieved because of expression differences due to the nonnative promoter and differences in copy number).
Biofilm formation in the presence of the SdiA variants was compared at both 8 h and 24 h since the differences in biofilm formation upon deleting wild-type sdiA gradually decrease with time (32) ( Fig. 2A and B) . Two truncation variants, SdiA1E11 and SdiA16G12, lacking the carboxy-terminal DNAbinding domain of SdiA resulted in a significant reduction of biofilm formation (5-to 10-fold) in both LB and LB glu media after 8 h (Fig. 2A) . After 24 h, SdiA1E11 further decreased biofilm formation 5-to 20-fold in both LB and LB glu media, SdiA14C3 decreased biofilm formation 4-to 6-fold in both LB and LB glu media, and SdiA16G12 decreased biofilm formation 8-fold primarily in LB glu medium (Fig. 2B) . Inhibition of biofilm formation via the evolved SdiA variants was more significant in LB glu medium probably because of the catabolite repression of tnaA (5) which should reduce indole concentrations for wild-type SdiA. These results show that the quorum-sensing regulator SdiA may be evolved to alter dramatically E. coli biofilm and may be altered to keep biofilm formation low for long periods. The modeled protein structure of SdiA1E11 is shown in Fig.  1B and is based on the known structure of E. coli SdiA (residues 1 to 171, the autoinducer-binding domain) (62) . The K153X truncation of SdiA1E11 causes it to lose most of the long ␣5 alpha helix (residues 148 to 168, shown as a blue ribbon in Fig. 1B) .
Reconfiguring SdiA to alter biofilm formation with AHLs.
Previously we reported that the addition of exogenous AHLs (10 M of N-butyryl-, N-hexanoyl-, and N-octanoyl-DL-homoserine lactones) inhibited E. coli biofilm formation up to 27%
without inhibiting growth (32) . Also, N-hexanoyl-L-homoserine lactone significantly decreases E. coli biofilm in mixed culture with Serratia plymuthica (40) . Here, the SdiA2D10 variant was identified, and the mutations of SdiA2D10 increased biofilm formation 1.9-fold in the presence of 10 M 3o-C8-L-HSL in LB medium (normalized biofilm, 0.69 Ϯ 0.02 versus 1.31 Ϯ 0.05) while 3o-C8-L-HSL addition to wild-type SdiA reduced biofilm formation by 6% under these conditions (normalized biofilm, 1.00 Ϯ 0.06 versus 0.94 Ϯ 0.02) in LB medium after 24 h; hence, the four mutations of SdiA2D10 reversed the impact of this AHL on biofilm formation. Both biofilm variants SdiA1E11 and SdiA14C3 did not change biofilm formation upon adding 10 M 3o-C8-L-HSL (normalized biofilm, 0.22 Ϯ 0.03 versus 0.26 Ϯ 0.03 for SdiA1E11 and 0.23 Ϯ 0.09 versus 0.25 Ϯ 0.09 for SdiA14C3) in LB medium after 24 h.
Moreover, the AHL-sensitive SdiA2D10 and wild-type SdiA were tested with nine different N-acylhomoserine lactones with 4 to 14 carbons for the variable side chain at 10 M in LB and LB glu media. The mutations of SdiA2D10 increased biofilm formation (four-to sevenfold) in the presence of six AHLs (C4-L-HSL, C6-DL-HSL, C8-DL-HSL, 3o-C8-L-HSL, C10-DL-HSL, C12-DL-HSL, and 3o-C12-L-HSL) in LB glu medium after 24 h (Fig. 3) , while the wild-type SdiA decreased biofilm formation less than 1.3-fold with the same AHLs compared to when no AHLs were present (data not shown). Also, these AHLs increased biofilm formation maximally twofold with SdiA2D10 in LB medium (data not shown). Hence, AHLs enhanced biofilm formation via the evolved SdiA2D10 primarily in LB glu medium in which indole production is reduced due to the catabolite repression of tnaA (5). The results show Table  S2A and S2B in the supplemental material) and relative biofilm formation normalized by bacterial growth (turbidity at 620 nm) for BW25113 sdiA tnaA cells expressing wild-type SdiA and SdiA1E11 after 8 h (C) at 30°C. No extracellular signal was added. Normalized biofilm data are relative to BW25113 sdiA/pCA24N-sdiA (A and B) and BW25113 sdiA tnaA/pCA24N-sdiA (C). Each data point is the average of the results from at least 12 replicate wells from two independent cultures, and one standard deviation is shown. SdiA was expressed using 1 mM IPTG.
FIG. 3.
Relative biofilm formation in LB glu medium after 24 h at 30°C for BW25113 sdiA cells expressing SdiA2D10 in the presence of added AHLs and with endogenous indole. Biofilm formation was normalized by bacterial growth (turbidity at 620 nm) and is relative to cells without added AHLs. C4-DL-HSL, C4-L-HSL, C6-DL-HSL, and C8-DL-HSL were dissolved in water, and C10-DL-HSL, C12-DL-HSL, 3o-C8-L-HSL, 3o-C12-L-HSL, and 3o-C14-L-HSL were dissolved in DMF. AHLs were added at the beginning of culturing. Raw data are shown in Table S3 in the supplemental material. Each data point is the average of the results from at least 12 replicate wells from two independent cultures, and one standard deviation is shown. SdiA2D10 was expressed using 1 mM IPTG. SdiA may be altered to enhance biofilm formation of E. coli in the presence of AHLs produced from other bacteria. Whole-transcriptome analysis of SdiA and SdiA1E11 in biofilm cells. To understand how the overexpression of SdiA regulates gene expression in biofilm cells, DNA microarrays were used to determine differential gene expression for biofilm cells with the overexpression of SdiA versus biofilm cells without SdiA (empty plasmid) in LB medium for 12 h. It was found that 208 genes were regulated significantly (more than fourfold) with SdiA than without SdiA; 37 genes were induced and 171 genes were repressed (Table 3 ). Most notable was that two indole-related genes (tnaAB) and the tna leader region (tnaC) were highly repressed (7.5-to 23-fold) upon overexpressing SdiA. Hence, indole-related genes are repressed by wild-type SdiA. Also, genes were repressed related to curli synthesis (csgDEFG and csgBAC), the autoinducer-2 (AI-2) uptake operon (lsrACDBFG), acid resistance (gadA, gadBC, gadX, hdeAB, and hdeD), and a newly found acid resistance regulator ariR (33) , while five cold shock protein genes (cspH, cspG, cspI, cspB, and cspF) were induced in biofilm cells with SdiA (Table  3) . These results indicate that SdiA influences the regulation of many genes including genes related to cell communication. However, the transcriptional level of the cell division regulator of ftsQAZ and the AI-2 synthesis gene of luxS were not changed by the overexpression of SdiA.
Another whole-transcriptome study was used to determine differential gene expression for biofilm cells with the overexpression of the SdiA1E11 variant (the most important biofilm mutant) versus biofilm cells with the overexpression of wildtype SdiA grown in LB for 12 h. It was found that 60 genes were regulated more significantly (more than fourfold) with SdiA1E11 than with wild-type SdiA; 46 genes were induced and 14 genes were repressed (Table 3) . In contrast to the comparison of the results when wild-type SdiA was expressed and when no SdiA was expressed, most notable was that two indole-related genes (tnaAB) and the tna leader region (tnaC) were highly induced (6.5-to 16-fold) upon overexpressing SdiA1E11. Hence, indole genes are preferentially induced with SdiA1E11. Also, genes related to curli synthesis, acid resistance (gadA, gadBC, hdeB, and ariR), and the AI-2 uptake operon (lsrKRACDBFG) were induced in biofilm cells with SdiA1E11, while five cold shock protein genes (cspH, cspG, cspI, cspB, and cspF) were repressed ( Table 3 ). The results indicate that the evolved SdiA1E11 differentially regulates gene expression from wild-type SdiA.
RT-PCR. RT-PCR was used to corroborate the whole-transcriptome results for wild-type SdiA and SdiA1E11. As expected, the overexpression of wild-type SdiA repressed tnaA transcription by 48-fold (⌬⌬C T ϭ 5.6 Ϯ 2.5, where C T is the threshold cycle of the target genes) compared to when no SdiA was expressed, which is consistent with the previous report (55) . In contrast, the overexpression of SdiA1E11 induced (226-fold; ⌬⌬C T ϭ 7.8 Ϯ 2.3) tnaA transcription compared to the overexpression of wild-type SdiA; hence, the mutations that lead to SdiA1E11 alter the regulation of tnaA by SdiA.
Wild-type SdiA decreases curli production. Since curli fibers are required for both adhesion and biofilm formation (42) and the overexpression of SdiA most repressed (11-to 37-fold) curli genes (csgDEFG and csgBAC) ( Table 3) , curli production was measured upon overexpressing SdiA and SidA1E11 using a Congo red plate assay. SdiA decreased dramatically curli production, while SdiA1E11 decreased curli production to a small extent (Fig. 4A) ; these data corroborate well the microarray data (Table 3 ). Since Congo red binds both curli and cellulose (15) , and CsgD controls the production of curli as well as cellulose (15) , a cellulose specific assay using calcofluor was also used to investigate cellulose production upon the expression of SdiA. Unlike curli production in colonies, cellulose production with planktonic cells increased slightly upon overexpressing both SdiA (1.3 Ϯ 0.1-fold) and SdiA1E11 (1.8 Ϯ 0.3-fold) compared to when no SdiA was expressed. These results suggest that the reduction of Congo red binding is due to a decrease in curli production (Fig. 4A) . Moreover, three curli mutants (csgB, csgE, and csgF) formed two-to threefold less biofilm than the wild-type strain (Fig. 4B) as expected. The results suggest that wild-type SdiA inhibits curli production, which partially explains the decrease in biofilm formation.
Evolved SdiA variants alter indole production. Since the whole-transcriptome and RT-PCR analyses showed that the most differentially expressed genes due to the mutations of variant SdiA1E11 versus wild-type SdiA were indole-related genes that were induced (tnaAB and tnaC) ( Table 3) , extracellular indole concentrations were measured with the SdiA variants. Corroborating the microarray data (induction of indole-producing tnaA), SdiA1E11 produced 9-fold more extracellular indole than wild-type SdiA at the same cell turbidity of 3 at 600 nm (Fig. 5) , and SdiA1E11 also produced 9.6-fold more intracellular indole than wild-type SdiA (3.2 Ϯ 0.5 versus 0.33 Ϯ 0.09 nmol/mg total protein). Note that the chromosomal deletion of sdiA (sdiA/pCA24N versus BW25113/ pCA24N) did not change indole production (Fig. 5) . In con- trast, the overexpression of full-length SdiA (SdiA2D10 and wild-type SdiA) decreased (fivefold) indole production, which was expected since a previous microarray result indicated that the overexpression of SdiA repressed tnaA by fourfold (55) and our RT-PCR results indicated the same repression. Therefore, evolving SdiA to reduce biofilm formation via variant SdiA1E11 resulted in the induction of tnaA which leads to more indole, which has been shown by us to reduce biofilm formation with 11 E. coli strains (17, 31, 32, 34, 64) . Also, the whole-transcriptome analysis showed that wildtype SdiA repressed (5-to 14-fold) the AI-2 uptake gene operon (lsrKRACDBFG) and SdiA1E11 induced (3-to 4-fold) those genes compared to wild-type SdiA (Table 3) . Hence, these results also support that SdiA is associated with multiple signals, AHLs, AI-2, and indole (34) .
SdiA1E11 functions via indole as evidenced by cell density, motility, and biofilm formation with double mutants. Since the mutations of SdiA1E11 decreased biofilm formation dramatically ( Fig. 2A and B) and increased indole concentrations dramatically (Fig. 5) , we hypothesized that SdiA1E11 may function through indole. To test this hypothesis, cell density and motility were evaluated for SdiA1E11. Cell density was chosen since quorum-sensing signals allow bacteria to monitor their own population density to coordinate the expression of specific genes (20) , conditioned medium with unknown extracellular signals influences the final cell density of E. coli (60) , and indole prevents cell division (10) . Also, motility was examined since it positively influences biofilm formation in E. coli (41, 59) , and indole reduces both biofilm formation and motility in E. coli (32) . In order to confirm that these two phenotypes are related to indole and SdiA, cell growth and motility were measured in the presence of indole.
As shown in Fig. 6A , both of the two most-distinctive biofilm inhibition mutants, SdiA1E11 and SdiA14C3, reached a different final cell density, while the deletion of sdiA itself did not significantly change cell density; the mutations of SdiA1E11 decreased cell density by 18 Ϯ 4%, and SdiA14C3 increased cell density by 16 Ϯ 5% (note that the specific growth rates were nearly unchanged [see Table S2A in the supplemental material]). These results indicate that the quorum-sensing regulator SdiA may be evolved to control cell density. Also, the growth curves and the final cell density of the other two biofilm mutants, SdiA16G12 and SdiA2D10, were similar to those of wild-type SdiA (data not shown). Indole is clearly linked to final cell density, as it decreases the cell density of the wild-type strain in a dose-dependent manner (Fig. 6B) .
For cell motility, the overexpression of wild-type SdiA decreased (twofold) motility (sdiA/pCA24N versus sdiA/pCA24N-sdiA [ Fig. 7A]) , which is consistent with previous results (27) , and the overexpression of wild-type SdiA completely complemented the sdiA deletion (sdiA/pCA24N-sdiA versus BW25113/ pCA24N [ Fig. 7A]) . Also, the three low-biofilm-forming variants (SdiA1E11, SdiA16G12, and SdiA14C3) showed 1.5-to 1.7-fold less motility, which partially explains the biofilm reduction of these mutants. For SdiA1E11, motility was decreased, probably due to a high indole concentration (Fig. 5 ) since the addition of exogenous indole decreased motility in a dose-dependent manner (Fig. 7B) . Moreover, two double mutants, BW25113 tnaA sdiA and BW25113 mtr sdiA (Mtr is involved in indole import [61] ) were constructed to investigate the effect of indole on biofilm formation with SdiA and SdiA1E11. As expected, BW25113 tnaA sdiA did not produce indole. In the tnaA sdiA strain, wild-type SdiA decreased biofilm formation compared to when no SdiA was expressed (Fig. 2C) , as observed in the sdiA strain (Fig.  2B) ; however, SdiA1E11 increased rather than decreased biofilm formation unlike the results for wild-type SdiA (Fig. 2C) . Also, with tnaA sdiA, SdiA1E11 did not appreciably decrease the final cell density compared to wild-type SdiA, while both wild-type SdiA and SdiA1E11 increased the final cell density compared to when no SdiA was expressed (Fig. 6C) . Therefore, indole synthesis via tnaA is required for SdiA1E11 to alter cell phenotypes.
Mtr is less important for the mechanism of SdiA1E11; SdiA1E11 did not change biofilm formation compared to wildtype SdiA in the mtr sdiA mutant (not shown) but decreased the final cell density (not shown) as observed in the sdiA strain (Fig. 6A) . For wild-type SdiA, both TnaA (Fig. 2C ) and Mtr were not required for SdiA activity as SdiA decreased biofilm formation in the two double mutants. We also tried to construct double mutants of sdiA luxS and sdiA lsrB to investigate the mechanism of SdiA associated with AI-2 since SdiA most repressed AI-2 transport genes (Table 3) . However, both double mutations were lethal, which shows the importance of SdiA and AI-2 and their interdependence.
Saturation mutagenesis and the truncation of SdiA. Since two SdiA variants (SdiA1E11 and SdiA2D10) have a truncation along with additional mutations at E31G, Y42F, and M94K (Fig. 1A) and since the amino acid residues of Y41 and W95 are highly conserved throughout the LuxR family (62), we investigated the importance of these and related positions of SdiA by substituting all possible amino acids via saturation mutagenesis using SdiA variants SdiA1E11 and SdiA2D10 as the parent proteins (saturation mutations at M94 and W95 for SdiA1E11 and saturation mutations at H28, E29, I30, E31, Y39, D40, Y41, and Y42 for SdiA2D10). After screening 1,762 colonies to ensure with a probability of 99% that all possible codons were utilized (47), we could not identify better variants that show a significant change in biofilm formation with and without 3o-C8-L-HSL than SdiA1E11 and SdiA2D10. For example, about 10% of the variants from the saturation mutagenesis at positions M94 and W95 of SdiA1E11 reduced biofilm formation similarly to the parent SdiA1E11.
Since three of the biofilm mutants (SdiA1E11, SdiA16G12, and SdiA14C3) contained truncations at the C terminus of SdiA (Fig. 1) , we investigated the relationship between the length of SdiA and biofilm formation. Seven truncation mutants were constructed using site-directed mutagenesis to introduce a stop codon at R16, Q33, T53, A73, L93, A110, and L133 of SdiA. Four truncation variants (SdiAL133, SdiAA110, SdiAL93, and SdiAA73) lacking the carboxy-terminal DNAbinding domain of SdiA had a significant reduction in biofilm formation (3-to 10-fold) in both LB and LB glu media for 8 h (data not shown). Also, SdiAL133X decreased biofilm formation (10-fold) in LB glu medium compared to wild-type SdiA after 24 h, which is comparable with the 20-fold reduction in biofilm formation by SdiA1E11 having five mutations at F7L, F59L, Y70C, M94K, and K153X (Fig. 2B) . Overall, these results confirm that the deletion of the C terminus of SdiA results in a reduction in biofilm formation.
DISCUSSION
Here we demonstrate that the quorum-sensing regulator SdiA may be evolved to control the biofilm formation of E. coli. Two main phenotypes were found: with SdiA1E11, biofilm formation is reduced an additional 20-fold, primarily due to increased indole concentrations, and with SdiA2D10, biofilm formation is increased 7-fold in the presence of C8-DL-HSL and 3o-C12-L-HSL. These results show that the cell's genetic circuitry may be rewired internally to both increase and decrease biofilm formation. Unlike where we controlled biofilm formation by manipulating indole extracellular concentrations by cloning a monooxygenase in a second bacterium (32), the current results are important for controlling biofilm formation with a single strain by controlling a sensor rather than the signal. Previous efforts to control biofilm formation by using synthetic circuits utilized the induction of traA, the conjugation plasmid pilin gene, upon exposure to UV light (29) . Others have coordinated cell communication via quorum-sensing molecules and synthetic circuits but not controlled biofilm formation (7) .
We determined that the mechanism by which SdiA1E11 reduces biofilm formation is through increased indole concentrations. The lines of evidence for this conclusion are that (i) the whole-transcriptome analysis shows tnaA is induced (Table  3) , (ii) extracellular (Fig. 5) and intracellular indole concentrations were increased, (iii) motility is decreased (Fig. 7A ) and indole addition to the host reduced motility in a dose-depen- ALTERING SdiA TO CONTROL BIOFILM FORMATIONdent manner (Fig. 7B) , (iv) cell density was decreased (Fig.  6A ) and indole addition to the host reduced cell density in a dose-dependent manner (Fig. 6B) , and (v) SdiA1E11 did not affect biofilm formation (Fig. 2C) or cell density in a tnaA sdiA double mutant (Fig. 6C) . Several physiological roles of SdiA have been determined along with the structure of the N-terminal AHL binding domain of SdiA (residues 1 to 171); however, the identification of the endogenous signal(s) from E. coli that binds to SdiA has been difficult. It is known that unidentified extracellular factors from conditioned medium are titrated by the N-terminal part of SdiA and prevent the induction of E. coli O157:H7 virulence factors (27) , that the extracellular factors (even from AI-2-deficient strains) regulate the ftsQ2p cell division promoter via SdiA (21, 50) , and that the extracellular factors decrease cell growth when the multidrug efflux pumps AcrAB are overexpressed (60) ; note that the overexpression of SdiA increases AcrAB expression (43) . In all three cases, it is highly possible that indole is part of the unidentified extracellular component of the conditioned medium in these previous SdiA studies since it is abundant in the conditioned medium of stationaryphase cells (up to 600 M in LB medium [17] ) and since indole affects two of these phenotypes (indole decreases the ftsQ2p cell division promoter via SdiA [32] ) and reduces cell growth (10, 32) . Since some of these SdiA-mediated effects occur in LuxS Ϫ strains and since the synthesis of AI-2 and AI-3 depends on the presence of LuxS (51), AI-2 and AI-3 are unlikely to be the extracellular factors that interact with SdiA.
Additional evidence shows that indole and SdiA are related. Indole biofilm signaling requires SdiA (34) , and indole signaling occurs primarily at 30°C (34) in a manner similar to SdiA responsiveness occurring mainly at 30°C but not at 37°C in E. coli (52) . Both indole and SdiA decrease biofilm formation and motility (32) , enhance antibiotic resistance (24, 34, 43) , influence acid resistance (indole decreases and SdiA increases acid resistance) (32, 52) , and regulate cell division (indole decreases and SdiA increases cell division) (10, 34, 54 ). In the current study, the mutation of SdiA significantly altered biofilm formation, cell density, indole production, and motility. However, how indole and SdiA are related and control cell physiology is unknown and should be investigated further since SdiA (like LasR and TraR [6] ) is insoluble without AHLs binding it (62); yet, AHLs are not readily available (since E. coli does not produce them) and SdiA alters phenotypes in the absence of AHLs.
In this study, through the whole-transcriptome analysis (Table 3), we also found a new role for wild-type SdiA that explains its role in reducing early biofilm formation ( Fig. 2A) : SdiA decreases curli production via the repression of csgDEFG and csgBAC (Table 3) . These DNA microarray results were corroborated with a curli assay (Fig. 4A ). In addition, three curli csgB, csgE, and csgF mutants were used to show that the proteins encoded by these genes are directly related to biofilm formation (Fig. 4B) . Curli fibers from E. coli show biochemical and biophysical properties of amyloid proteins that are associated with debilitating human ailments including Alzheimer's and prion diseases (11) , and curli fibers function as a major structure of adherence that is essential for the biofilm formation of E. coli (42) .
In contrast, we previously reported that in suspension cells, SdiA (the wild-type strain versus the sdiA deletion mutant) induces curli genes (csgDEFG and csgBAC) (34) . Also, SdiA most represses genes involved in UMP biosynthesis (carAB, pyrLBI, pyrF, and uraA) in suspension cells (34) , while in biofilm cells (this study), SdiA did not change the gene expression of these genes. Therefore, SdiA has distinctive roles for cells in suspension versus cells in biofilms.
In the current study, the truncation of the C-terminal DNAbinding domain of SdiA (K153X) and additional mutations (F7L, F59L, Y70C, and M94K) in SdiA1E11 dramatically increase indole production (Fig. 5 ) which leads to decreased biofilm formation (Fig.2AB) and decreased motility (Fig. 7) , as indole decreases these two phenotypes (32) . Notably three mutations (F59L, Y70C, and M94K) in SdiA1E11 are adjacent to the residues involved in the binding of N-octanoyl-homoserine lactones (Y63, W67, Y72, D80, and W95) (62) , and three of the four mutations in SdiA1E11 (F7L, F59L, and Y70C) result in the loss of aromatic side chains. The truncation of the C terminus, which should abolish the DNA-binding activity of SdiA and retain the ligand-binding domain (62) , enhances the control of SdiA over biofilm formation and should be investigated further. Since the overproduced N-terminal part of SdiA inhibits the expression of virulence factors in wild-type E. coli O157:H7 and negatively affects the activity of the full-length SdiA (27) , it is interesting to investigate if truncated SdiA variants, such as SdiA1E11, alter the expression of virulence genes.
The overexpression of SdiA from a plasmid showed significant effects on cell division (54) , increased mitomycin C resistance (56) , and increased multidrug resistance (43) , while the chromosomal deletion of sdiA had no effect or reduced effects on these phenotypes (43, 54, 56) . We also observed that the overexpression of wild-type SdiA led to a significant decrease of tnaA expression (whole-transcriptome and RT-PCR results) along with reduced indole production (Fig. 5) , while the chromosomal sdiA deletion did not affect indole production (Fig.  5) , although the sdiA deletion itself significantly influenced biofilm formation, motility, and acid resistance (32) . It was previously proposed that SdiA has very low levels of activity in pure culture (in the absence of AHLs) (2) , that the overexpression of SdiA may override normal regulation (2) , and that the overexpression of SdiA from a plasmid results in a large pleiotropic response (35) . Most importantly, though, we were able to find SdiA mutations that allow us to increase or decrease biofilm formation, even if the role of SdiA remains incompletely characterized.
Natural bacterial biofilms are heterogeneous communities. Hence, many bacteria utilize quorum-sensing circuits to sense their own population density as well as to eavesdrop on quorum-sensing signals from other bacteria so that bacteria readily coordinate group behavior (such as biofilm formation and pathogenesis) in multispecies communities (8) . Previously, it was suggested that both Salmonella enterica and E. coli utilize SdiA to eavesdrop on AHL from other strains (39) since the SdiA-regulated, outer membrane protein promoter rckp responded to several AHLs (N-butyryl-and N-oxobutyryl-,  N-hexanoyl-, N-oxohexanoyl-, N-octanoyl-, N-oxooctanoyl-,  N-decanoyl-, and N-oxodecanoyl-homoserine lactones) . In the current study, an evolved SdiA variant (SdiA2D10) increased the biofilm formation of E. coli the most in the presence of (58) , increase the biofilm formation of P. aeruginosa (which does not synthesize indole), decrease its production of virulence factors by repressing quorum-sensing related genes, and enhance multidrug resistance by inducing efflux pump genes (30) . P. aeruginosa was also found to degrade indole and 7-hydroxyindole (30) . Hence, E. coli may use indole to reduce the virulence of other bacteria, while other bacteria have acquired a defense system to cope with indole. Therefore, competition and adaptation are prevalent, and SdiA may play an important role in multispecies consortia. Many bacteria contain more than one quorum-sensing circuit to adapt to diverse environmental conditions (8) , and LuxR has been rapidly evolved for increased sensitivity to a broad range of AHLs (13) . Similarly, E. coli has SdiA associated with multiple signals (e.g., indole, AHLs, and AI-2) (34) . In this study, we demonstrate that the LuxR homolog SdiA may be readily evolved; as a result, evolved SdiA variants alter biofilm formation, cell density, indole concentration, and motility in E. coli. The mechanism of how pathogenic bacteria evolve such traits as antibiotic resistance within a short time is still unclear (1), and how strains interact with multiple species in natural biofilms is also unclear. This study implies that bacteria have the capability to evolve a quorum-sensing protein that is related to detecting other bacteria and that quorumsensing proteins can be a target for biofilm control.
